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Diversity Revealed by a Novel Family of Cadherins
Expressed in Neurons at a Synaptic Complex
cell types. In particular, Fyn, which belongs to the Src
family of protein tyrosine kinases, has a crucial molecu-
lar function in building brain networks and determining
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postsynaptic density (PSD) fraction (Grant et al., 1992).Myodaiji
Loss of Fyn function in mice is related to several behav-Okazaki 444
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as spatial learning, as tested in the Morris water mazeUniversity of Tsukuba School of Medicine
(Grant et al., 1992), suckling behavior (Yagi et al., 1993a;Tsukuba 305
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defects suggest that Fyn plays critical roles in deter-Japan
mining mammalian behaviors. In pharmacological and
electrophysiological approaches, Fyn contributes to the
regulation of glutamatergic and GABAergic synapseSummary
function (Miyakawa et al., 1996) and to the induction of
NMDA-dependent long-term potentiation (LTP) in theIn mammals, neurons are highly differentiatedand play
hippocampus (Grant et al., 1992) and olfactory bulb (Ki-distinctive functions even in the same brain region.
tazawa et al., 1998). Recently, we also confirmed thatWe found a novel cadherin-related neuronal receptor
tyrosine phosphorylation of NMDA receptor e2 by Fyn(Cnr) gene family by studying Fyn-binding activity in
plays a significant role in regulating NMDA current in
mouse brain. CNR1 protein is located in the synaptic hippocampus and in ethanol sensitivity (Miyakawa et
junction and forms a complex with Fyn. Sequence al., 1997).
analysis of eight Cnr products of z20 genes indicates In several other tissues, Fyn is associated with recep-
that these comprise a novel cadherin family of the tor proteins, such as the CD3 component of the T cell
cadherin superfamily. The expression patterns of each receptor complex in T cells (Samelson et al., 1990), the
member of this novel family were grossly similar to membrane binding IgM complex in B cells (Burkhardt
each other but restricted to subpopulations of neurons et al., 1991), the Fc mu receptor (Fc mu R) in natural
of the same type. The diversity of the Cnr family genes killer (NK) cells (Rabinowich et al., 1996), and the Fas
suggests that there are molecular mechanisms that antigen (Apo 1/CD95) in hybridomas (Atkinson et al.,
govern highly differentiated neural networks in the 1996). In the nervous system, Fyn is associated with
mammalian CNS. myelin-associated glycoprotein, a myelin-specific pro-
tein of the immunoglobulin superfamily exclusively ex-
pressed in oligodendrocytes, during early myelin forma-
Introduction tion (Umemori et al., 1994). The nicotinic acetylcholine
receptor, which mediates depolarization at the neuro-
The diversity of animal behavior is basically generated muscular junction, has also been shown to associate
from the numerous complex neural networks in the with Fyn in the Torpedo electric organ (Swope and Hu-
brain. In neural networks, individual neurons are differ- ganir, 1994). Recently Fyn has been found constitutively
entiated into a large number of morphological and func- associated with the neural cell adhesion molecule 140
tional types. Individual types of neurons with axonal and (NCAM140) isoform, which is found in migrating growth
dendritic processes make complex but highly ordered cones (Beggs et al., 1997). It is colocalized with NCAM
on many axonal tracts in the developing central andconnections with specific target neurons. To understand
peripheral nervous systems and in the olfactory systemanimal behavior both innate and acquired, we need to
(Gennarini et al., 1986; Bare et al., 1993) and mediatesgain insight into themolecular mechanismsthat produce
NCAM-dependent neurite growth (Beggs et al., 1994).the enormous numbers of cell±cell interactions in mam-
To search for receptor molecules coupled to themalian brain that yield highly organized patterns, such
Fyn signaling pathway in the mammalian brain, we at-as point-to-point specificity of the synaptic connection.
tempted to isolate molecules that associated with FynProtein tyrosine kinases are candidates for involve-
noncatalytic domains. We previously isolated five cDNAment in signaling pathways that regulate cell±cell inter-
clones by the yeast two-hybrid system (Kai et al., 1997).actions. It is known that these pathways control cellular
In the present study, among the positive clones in thisproliferation, differentiation, and function in a variety of
system we first describe similarities with the putative
extracellular domain of known cadherins. The putative§These authors contributed equally to this work.
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bodies against CNR1, we found that CNR1, like cadher-01, Japan.
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Figure 1. Brain-Specific Expression of Cnr1
Tissue distribution (A) and expression during
brain development (B) of mRNA of Cnr1. The
upper photographs show hybridization of a
Cnr1 probe. Equal amounts of total RNA (20
mg per lane) from mouse brains at the in-
dicated stages were electrophoresed and
transferred to nylon membranes. The lower
photographs show hybridization of a gapdh
cDNA probe (Toyobo, Tokyo, Japan).
protein complex with Fyn from the mouse brain. Interest- Cnr2. The complete deduced amino acid sequences of
CNR1 and CNR2 protein products are shown in Figureingly, the Cnr1 gene was a member of a novel family of
2A. Clone 294 contained regions that expressed identi-Cnr genes, which commonly expressed a protein con-
cal amino acids from 549±948 of CNR1. Mouse Cnr1taining cell adhesion motifs, including six cadherin mo-
and Cnr2 cDNAs were 5323 and 5369 bp in length. CNR1tifs and an RGD motif in the extracellular domain, and
and CNR2 were closely related (78.4% identity anda signal transduction±related motif as PXXP of binding
87.0% similarity between CNR1 and CNR2 at the aminoconsensus to the SH3 domain. The synaptic membrane
acid level). There were many well-conserved gene se-is presumed to contain proteins responsible for cell ad-
quences between CNR1 and CNR2. In particular, thehesion and for postsynaptic signal transduction. Both
cDNA sequence of Cnr1 downstream from position 2463of these protein structures are jointly contained in the
was completely identical to that of Cnr2 cDNA down-members of the CNR protein family. Thus, the diversity
stream from position 2518 (data not shown). Each aminoof the CNR family members suggested that molecular
acid sequence deduced from the nucleotide sequencesmechanisms that govern cell adhesion and signal trans-
of Cnr1 and Cnr2 revealed single, long open readingduction in synapse membranes may play a role in pro-
frames encoding proteins of 948 amino acids (a calcu-ducing the differential and diverse neural networks in
lated molecular weight of 103,142 Da) and 947 aminothe CNS of mammals.
acids (a calculated molecular weight of 102,312 Da).
Each signal sequence of 26 amino acids was located atResults
the amino terminus of the CNR1 and CNR2 proteins,
and another hydrophobic stretch spanned amino acidsIsolation of Cnr1 and Cnr2 Genes
693±721 of CNR1 and 892±720 of CNR2 proteins, which
To obtain receptors that bind to Fyn in neuronal cells,
presumably function as transmembrane regions. CNR1
we screened z1.7 3 105 clones of a mouse brain cDNA and CNR2 proteins had the following identical features
library by the yeast two-hybrid system using the Fyn (Figure 2B). There were three putative N-linked glycosyl-
unique SH3±SH2 domain (noncatalytic domain) as the ation sites and six cadherin-repeat domains comprised
bait protein (Kai et al., 1997). Among the 154 positive of z100 amino acids each forming internal repeats in the
clones, the sequence of one, clone 294, contained a putative extracellular domain. Within the first cadherin
putative transmembrane domain as a fusion protein with repeat (EC1), there was an RGD (Arg-Gly-Asp) sequence.
the Gal-4 activation domain, while clone 294 showed In the transmembrane and cytoplasmic domains, five
weak b-galactosidase activity. A database searchanaly- cysteines were formed at regular intervals spanning 18,
sis of the predicted amino acid sequence of clone 294 9, 9, and 18 amino acid residues, respectively. In the
cDNA revealed that it was not identical to any known intracellular domain, there were five PXXP proline-rich
protein, and the putative extracellular region of its ex- motifs for putative SH3 region±mediated protein interac-
pressed protein was similar to members of the cadherin tions. A lysine-rich sequence was also found in the car-
family. To examine the tissue distribution and the devel- boxy-terminal cytoplasmic region. One hundred fifty-
opmental profile of the gene, we performed Northern three amino acid sequences in each carboxyl terminus
blot analysis using obtained sequences as the probe. were identical.
A transcript of 5.5 kb was exclusively detected in the The deduced amino acid sequences of the internal
brain, in regions such as the forebrain and cerebellum cadherin repeats in the extracellular domains of CNR1
(Figure 1A). It was present from embryonic day 15 to and CNR2 were aligned with those of protocadherin
postnatal day 60 in the total brain (Figure 1B). The ex- 2 and N-cadherin (Figure 2C). The negatively charged
pression of the mRNA from this gene in the brain was amino acids containing the DXD, DRE, and DXNDNAPXF
highest at postnatal day 10, was reduced at postnatal sequence motifs, which are the major conserved motifs
day 30, and was again increased in the adult stage. among typical cadherin families, were well conserved
A full-length cDNA was isolated by screening a in the internal repeats of CNR1 and CNR2. The repeats of
C57BL/6 mouse brain cDNA library using clone 294 CNR1 and CNR2 contained the more conserved motifs,
cDNA as a probe, and the gene was named Cnr1. At which are typically found in protocadherins. The DXD
XGXN and AXDXGXPXL motifs, and the glycine residuethe same time, we also isolated another cDNA, named
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in the middle of the repeat (except for repeats EC2 and performed immunoblot analysis with mAb 6-1B for the
P2, synaptosome, and PSD fractions after a single andEC4), were the additional conserved features among
CNRs and the protocadherin family. Of the known cad- double wash with Triton X-100 prepared from adult
mouse brains. The purity of the PSD fractions was quan-herin proteins, that which exhibited the highest identity
to the extracellular domains of CNR1 and CNR2 was tified using anti±NMDA receptor e1 and e2 subunits, and
anti-PSD95 antibodies, because these have been shownprotocadherin 2 (z37% amino acid sequence identity).
The amino acid sequence identity of the extracellular to be highly concentrated in the PSD fraction (Cho et
al., 1992; Moon et al., 1994). CNR1 and Fyn levels weredomain of CNRs to classic cadherins was z23%. No
similar protein sequences were found in the cytoplasmic also quantified on the same immunoblot (Figure 3D).
The 160 kDa band corresponding to CNR1 protein wasdomain of the CNRs.
highly concentrated in the Triton X-100 twice-washed
PSD fraction using mAb 6-1B (Figure 3D) and anti-CNR1
Profiles of CNR1 Protein antiserum (data not shown). This PSD fraction was a
To investigate the profiles of CNR1 at the protein level, mixture of pre- and postsynaptic membrane; therefore,
we obtained both rabbit antiserum and mouse mono- this result indicated that CNR1 was concentrated in pre
clonal antibody (mAb) 6-1B against the extracellular do- or/and postsynaptic membrane.
main of CNR1. The epitope of mAb 6-1B (identified as The mAb 6-1B antibody was used to visualize the
a mouse IgM) was localized from amino acids 557±571 CNR1 protein in sections of fixed mouse brain. Light
between EC5 and EC6 domains. The developmental microscopy showed that CNR1 was labeled in neuropil
changes of CNR1 protein were consistent with the regions and dendrites in the adult neocortex (Figure 4A).
mRNA levels detected (Figure 3A). Two bands of z160 When visualized at high magnification by confocal laser
kDa were detected at postnatal days 0±7 (P0±P7) in scanning fluorescence microscopy in the 3-week-old
mouse brain homogenate. The epitope of this mAb 6-1B neocortex, labeling was most intense in small discrete
could bind to relatively conserved regions among the spots along the dendritic and varicose fibers (Figure
CNR family (Figure 6); therefore, an additional band 4B), consistent with the possibility that CNR1 is highly
might be derived from the other type of CNR family concentrated in the synapse. At the electron micro-
products expressed during early postnatal stages. The scopic level, we used the postembedding immunogold
size discrepancy between the predicted molecular weight, labeling method. We detected CNR1 signals between
103,142 Da, and the 160 kDa size deduced from the gel synaptic junctions as clusters distributed in a part of
might be due to glycosylation, because three potential the synapse (Figures 4C±4G). Since mAb 6-1B antibody
N-linked glycosylation sites were found in the putative reacted in the extracellular domain of CNR1, the labeling
extracellular domain of CNR1. pattern suggested that CNR1 was a synaptic membrane
To confirm the protein complex between CNR1 and protein. The labeled synapses were relatively small and
Fyn in the mouse brain, we performed immunoprecipita- may be immature synapses. These results suggest that
tion analysis using the mouse anti-Fyn monoclonal anti- CNR1 is a novel synaptic protein in the CNS.
body gC3. The gC3 antibody was coupled to protein
G beads and incubated with mouse brain extract. The
immune complexes were resolved by SDS-PAGE and Cnr1 and Cnr 2 Constitute a Novel Cadherin-Related
Multigene Familytransferred to a nitrocellulose filter. The immune com-
plexes contained a 160 kDa protein, which was detect- The sequences of Cnr1 and Cnr2 are well conserved.
To investigate other potential gene homologs, we per-able using both mAb 6-1B (Figure 3B) and antiserum
(data not shown). Thus, CNR1 appeared to form a pro- formed genomic Southern blot analyses using the con-
served 59 and 39 sequences between Cnr1 and Cnr2 astein complex with Fyn in the mouse brain.
To gain further insight into the nature of the interaction probes. The 59 probe hybridized to z20 genes, but the
39 probe hybridized to only three or four genes afterbetween CNR1 and Fyn, we used a transient comple-
mentary DNA expression system in Neuro2A cells. Neu- the mouse genomic DNA was completely digested with
each restriction enzyme (Figure 5A). These results sug-ro2A cells were cotransfected with a full-length or mu-
tant lacking the putative cytoplasmic region of CNR1 gest that the 59 end of Cnr genes are diverse in the
mouse genome. To confirm this, we performed a library(CNR1dCP) and Fyn expression plasmids. Coimmuno-
precipitation analysis showed that Fyn was associated screening of the mouse genome with a 59 probe. We
detected z20 positive clones per genome (data notwith CNR1, whereas no association was detected be-
tween CNR1dCP and Fyn (Figure 3C). This indicated shown), suggesting that the Cnr gene family consists of
multiple genes, which differ at least in the 59 region.that the cytoplasmic domain of CNR1 could bind to Fyn.
When we transformed Cnr1 expression vector into L1 To identify these putative members of the Cnr family,
we performed RT-PCR with two primers derived fromand Neuro2A cells, protein distribution of CNR1 was
different from those of classical cadherins and proto- the EC1 and cytoplasmic domains, containing highly
conserved sequences between Cnr1 and Cnr2; we alsocadherin; namely, CNR1 protein was concentrated in
the endoplasmic reticulum and Golgi but less in the used RNAs from mouse brain (P0 or P30) for this. The
expected length of products of z2.8 kb were clonedplasma membrane in L1 and Neuro2A transfectants
(data not shown). Therefore, assay of the cell adhesion into the pBluescriptII SK(1) vector. Sequence analysis
was performed on40 clones from P0 brain and 32 clonesactivity of CNR1 will require other experimental ap-
proaches. from P30 brain; from these clones, we found six novel
sequences designated Cnr3, Cnr4, Cnr5, Cnr6, Cnr7,To establish the subcellular location of the CNR1, we
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Figure 3. Profiles of CNR1 Protein
(A) Expression of CNR1 protein during brain
development. Immunoblots of homogenates
of developing brain (z50 mg/lane) were pre-
pared from brains of mice of the following
ages: embryonic day 17 (E17) and P0, P1, P4,
P5, P7, and P30. The upper photographs were
probed with mAb 6-1B against CNR1. The
bands at z120 kDa were nonspecific bands
for the second antibody. The lower blots were
Fyn.
(B) Coimmunoprecipitation of CNR1 with Fyn.
Mouse brain homogenate in RIPA buffer is
incubated with protein G beads coated with
gC3. Immunoprecipitates are stained with
mAb 6-1B. Terms and abbreviations: Brain
Extract, whole brain homogenate in RIPA
buffer; PG, protein G beads reacted with brain
homogenate; and PG1anti-Fyn, immunopre-
cipitate with gC3-coated protein G beads.
The protein band of 160 kDa was detected
by mAb 6-1B.
(C) Association of CNR1 and Fyn in cotrans-
fected Neuro2A cells. Immunoblotting shows
against mAb 6-1B. Total shows whole-cell
homogenates in RIPA buffer of cotransfec-
tantsof CNR1 orCNR1dCP, which is a mutant
lacking 110 amino acid residues of the cyto-
plasmic terminal of CNR1, and Fyn. Approximately 110 kDa and 90 kDa bands are detected, respectively. IP with Fyn shows coimmunoprecipita-
tion of CNR1 or CNR1dCP with anti-Fyn antibody. A 110 kDa band of CNR1 protein is coprecipitated with Fyn, but no 90 kDa band of CNR1dCP
is detected.
(D) Subcellular localization of CNR1. Subcellular fractions were prepared from brain as described in the Experimental Procedures. The CNR1
protein is visualized by immunoblotting with the mAb 6-1B. Each lane contained 5 mg of protein. Identical blots are probed with mAb 6-1B
against CNR1, rabbit antisera against NMDA receptors e1, e2, and PSD95, and monoclonal antibody gC3 against Fyn.
and Cnr8. Figure 6 shows alignments of deduced amino To examine whether each Cnr gene corresponds to
a distinct genomic DNA, we produced noncross-hybridiz-acid sequences of CNR1±CNR8, respectively. The simi-
larity of each CNR at the amino acid level varied from ing probes for each Cnr gene derived from the EC2 and
EC3 domains and performed genomic Southern analy-53%±80%. The RGD motif in the EC1 domain, character-
istic cysteine repeats of the transmembrane and cyto- sis. Using these probes, one or two bands of distinct
size were detected (Figure 5B). Probes of Cnr1, Cnr2,plasmic domains, and PXXP motifs in the cytoplasmic
domain were well conservedfor all of the CNRs. Interest- and Cnr4 hybridized to two or three bands. Because
the band sizes were different from those of Cnr1±Cnr8ingly, 153 amino acid sequences at the C terminus of
the cytoplasmic domain were identical among all CNR genes, these probes hybridized to other uncharacter-
ized Cnr family genes.family members. Different sequences in each CNR were
identified in the EC2, EC3, amino and carboxyl termini
of the EC6, and cytoplasmic domains. The obtained Cnr Family Genes Are Expressed in Mouse Brain
Although Cnr1 was grossly expressed in forebrain andeight CNRs form a novel family branch. Hence, Cnr1
and Cnr2 form part of a novel cadherin-related multiple cerebellum, it was not known where in the brain each
member of the Cnr family was expressed. To addressgene family.
Figure 2. Structures of CNR1 and CNR2 Protein Products
(A) Amino acid sequences of the murine Cnr1 and Cnr2 genes. Alignment of the deduced amino acid sequences of CNR1 and CNR2. The
RGD motif, the PXXP motif, and cysteine repeats appearing at regularly spaced intervals spanning 18, 9, 9, and 18 amino acid residues are
boxed with shadows. The sites for N-linked glycosylation are underlined. Abbreviations: SIG, signal peptide; EC, extracellular domain; TM,
transmembrane domain; and CP, cytoplasmic domain. The nucleotide sequence data of Cnr1 and Cnr2 are available from DDBJ/EMBL/
GenBank under accession numbers D86916 and D86917, respectively.
(B) Schematic structural comparison of CNR1 and CNR2 with protocadherins and classical cadherins. The RGD motif, the cysteine repeats,
and the five PXXP motifs are shown. The lysine-rich sequences in the C-terminal region are shown in hatched boxes. The long sequence of
more than 15 amino acid residues conserved between CNR1 and CNR2 is underlined with a thick bar at the bottom of the structure of CNR2.
Abbreviations: S, signal peptide; EC, extracellular domain; TM, transmembrane domain; and CP, cytoplasmic domain.
(C) Alignment of internal cadherin repeats in the extracellular domains of CNR1, CNR2, protocadherin 2, and N-cadherin. The white letters on
a black background represent the well-conserved residues. Consensus repeats are shown at the bottom of the sequences. The negatively
charged amino acids containing the DXD, DRE, and DXNDNAPXF sequence motifs are underlined by thick lines below the consensus sequence.
The DXDXGXN and AXDXGXPXL motifs and the glycine residue in the middle of the repeat, except for the EC2 and EC4 regions, are underlined
by thin lines below the consensus sequence. Homology of EC1 between CNR1 and protocadherin 2 is high. The RGD motifs in the EC1 region
of CNR1 and CNR2 are boxed with shading.
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Figure 4. Synaptic Localization of CNR1 in the Neocortex
(A) CNR1 was visualized in a section of the adult mouse neocortex by immunolabeling. Within layer V pyramidal cells, staining is most intense
in the apical dendrites and in small dots. Scale bar, 100 mm.
(B) CNR1 distributes in small discrete spots along dendritic or varicose fibers in the neocortex at 3 weeks. A confocal fluorescence image
shown here was recorded from the neocortex. The asterisk shows nonspecific labeling of the pia mater. Scale bar, 20 mm.
(C±G) CNR1 is localized at synaptic junctional complexes in the neocortex at 3 weeks.
(D) High power magnification of images demarcated in (C). At synaptic profiles, immunogold labeling reveals the presence of CNR1. Immuno-
golds locate at the synaptic membrane. Scale bars, 0.5 (C), 0.2 (D), and 0.1 (E±G) mm.
this question, we carried out in situ hybridization experi- cerebellum, and olfactory bulb, but the signals of Cnrs
were relatively low compared with that of fyn. In neocor-ments using mouse brain. This revealed similar distribu-
tions of Cnrs and fyn mRNAs in the adult mouse brain tical layers, signals were diffusely distributed. In hippo-
campus, stronger signals appeared in the pyramidal cell(Figure 7). Each mRNA appeared in a similar pattern
and could be detected in the neocortex, hippocampus, layer of CA1 and in the granule cell layer of dentate
A Novel Family of Cadherin-Related Neuronal Receptors
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Figure 5. Cnrs Constitute a Multiple Gene Family
(A) Genomic Southern blot analysis using 59 (left) and 39 (right) conserved sequences between Cnr1 and Cnr2 as probes. The sequences of
the probes are shown in the Experimental Procedures. Ten micrograms of genomic DNA from C57BL/6 mouse liver digested with EcoRI (E),
PstI (P), and SacI (S) were loaded in each lane.
(B) Genomic Southern blot analyses with each specific probe of Cnr cDNAs. Ten micrograms of genomic DNA from C57BL/6 mouse liver
digested with EcoRI (E), PstI (P), and SacI (S) were applied to each lane. The probes used are from extracellular domains 2 and 3, which
comprise the least-conserved region among the Cnrs. Note that each Cnr exhibits a different banding pattern.
gyrus, but signals were weaker in the pyramidal cell This strongly suggested that different neurons must ex-
press different sets of Cnr genes; however, conclusivelayer of CA3. In cerebellum, signals were intense in gran-
ule cell and Purkinje cell layers, but the molecular cell proof will require other experimental approaches.
layer was not labeled. In olfactory bulb, label was strong
in the mitral cell layer and in granule cells and diffuse Discussion
in the glomerular layer. While fyn and Cnrs were grossly
similar in their distribution in the adult brain, fyn was Fyn couples to multiple proteins and participates in
transducing the extracellular signal into the cytoplasmdetected more in thalamus and the CA3 cell layer of
hippocampus. No specific hybridization signals were (Samelson et al., 1990; Burkhardt et al., 1991; Umemori
et al., 1994; Swope and Huganir, 1994; Atkinson et al.,observed by competition with unlabeled probes as a
control (data not shown). 1996; Rabinowich et al., 1996; Beggs et al., 1997). Gene
disruption analyses reveal that Fyn is involved in a num-Although each Cnr gene was expressed in similar
brain regions, we further questioned whether each gene ber of mechanisms that determine several mammalian
behaviors by regulating synaptic function (Grant et al.,expresses its product in the same neuron or in different
neurons. To addressthis, we performed insitu hybridiza- 1992; Yagi et al., 1993a; Miyakawa et al., 1996, 1997).
However, since the CNS is a diverse and complex sys-tion by digoxygenin-labeled RNA probes from each spe-
cific EC2 and EC3 region; each probe region was the tem, little is known of how receptors are coupled with
Fyn. We hypothesize that Fyn is coupled with a familysame as those of Figure 5B. Figure 8 shows the labeling
patterns of individual neurons in the olfactory bulb. Us- of proteins found in multiple types of receptors during
synapse formation, and that the molecular diversity ofing each probe, 30%±70% of periglomerular, 70%±90%
of tufted, 90%±95% of mitral, and 30%±60% of granule these proteins imparts specific cell surface properties
to neurons or synapses, one of which may be differentialneurons were randomly labeled. There were also unla-
beled neurons for each probe. Thus, each Cnr gene is cell±cell recognition. In this study, we isolated a Cnr1
molecule that possessed a weak positive activity in arestricted at the single neuron level. Relatively intensive
and wide labeling appeared in the primary output neu- yeast two-hybrid system. We then attempted to test
three corollaries of our hypothesis. First, the CNR1 pro-rons of tufted and mitral neurons. Stronger and wider
labeling patterns using mixtures of probes suggested tein is localized in the synaptic junction and forms a
protein complex with Fyn in brain. Second, Cnr1 consti-that an individual neuron expresses several types of Cnr
genes (Figure 8I). Thus, different neurons must express tutes a member of a novel Cnr family, which contains
as many as 20 different genes. Third, in view of thedifferent sets of Cnr genes.
To further confirm differential expression patterns of complexity of neurons and synapses, a molecule that
specifies neuronal interactions should occur in manythis family, we performed double labeling in situ hybrid-
ization in the periglomerular neurons with probes of independent forms. We have now shown that the prod-
ucts of the eight Cnrs are differentially distributed at anCNR2 (red) and CNR5(green). Thirty-seven of forty-eight
labeled neurons (78%) were labeled by both green and individual neuron level. Thus, the CNR products have
the requisite diversity to serve as functional markers onred, while six (13%) and five (10%) were prominently
labeled by red or green, respectively (Figures 8J±8L). neurons and/or synapses.
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Figure 7. Cnr Family and fyn Are Similarly
Distributed in Adult Mouse Brain
fyn (A) and each Cnr gene (Cnr1 [B], Cnr2 [C],
Cnr3 [D], Cnr4 [E], Cnr5 [F], Cnr6 [G], Cnr7
[H], and Cnr8 [I]) are expressed in the brain.
Regions of high expression appear in the ol-
factory bulb, hippocampus and cerebellum.
Each Cnr gene is diffusely expressed in the
cortex. Scale bar, 1 mm.
Structure of the Novel CNR Family Proteins the EC1 domain, which is conserved, has been sug-
gested to be responsible for cell adhesion activityThe extracellular domain of the members of the novel
CNR family has six cadherin repeats; these repeats me- (Blaschuk et al., 1990). The EC1 domains are well con-
served among the CNR family members, and an HLEdiate calcium-dependent cell adhesion through homo-
philic binding interactions and function in selective cell tripeptide between the DRE and DXNDNXPXF motifs is
conserved instead of the HAV motif of classical cadher-adhesion in a wide variety of systems (Takeichi, 1990;
Gumbiner, 1996). Conserved DXNDNXPXF and DXD ins. The homology may induce heterophilic intramolecu-
lar binding.motifs, which constitute putative calcium-binding se-
quences, are also conserved among the EC2±EC5 do- The cytoplasmic domain of the CNR family is well
conserved but is not homologous to that of classicalmains of the CNR family members. Thus, we speculate
that the CNR family may be calcium-dependent cell ad- cadherins, protocadherins, or other known cadherins.
It is known that the cytoplasmic domain of classicalhesion molecules and may function in selective cell±cell
interaction. cadherins exhibits a high degree of homology, and the
search for the biological function associated with thisStudies of classical cadherins have revealed that
binding specificity resides in the EC1 cadherin repeat structural conservation led to the identification of caten-
ins as cytoplasmic anchorage proteins (Nagafuchi anddomains (Nose et al., 1990; Shapiro et al., 1995). An HAV
tripeptide between the DRE and DXNDNXPXF motifs of Takeichi, 1989; Ozawa et al., 1989). Considering the
Figure 6. Structures of Protein Members of the CNR Family
Alignment of the deduced amino acid sequences of eight CNRs by each domain. Asterisks show the common amino acid residues among
the eight CNRs. These residues common to at least five of the eight sequences are shown as white lettering on a black background. The
sequences corresponding to one 59 and two 39 primers are underlined with thick bars. The RGD motif and cysteine repeats are shadowed.
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Figure 8. Localization of the Individual Cnr Genes to Distinct Subpopulations of Neurons within the Olfactory Bulb
(A±I) In situ hybridization to coronal sections of a dissected olfactory bulb using digoxygenin-labeled probes from either an individual Cnr or
a mix of the eight Cnrs. Digoxygenin-labeled antisense RNA probes from Cnr1 (A), Cnr2 (B), Cnr3 (C), Cnr4 (D), Cnr5 (E), Cnr6 (F), Cnr7 (G),
Cnr8 (H), or a mix of the eight probes (I) were annealed to a coronal section of the olfactory bulb from mouse. Black and white triangles
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unique structural features of the CNR family, its involve- CNR Family Members As Synaptic Proteins
CNR1 protein, a member of theCNR family, was concen-ment in the cell adhesion mechanism and the cyto-
plasmic signal transduction may differ from that of clas- trated in the PSD fraction and localized in synaptic junc-
tion of the adult mouse brain. The PSD, which is com-sical cadherins. Within the consensus sequence of the
cytoplasmic domain of the novel CNR family, there are prised of submembranous cytoskeletal elements of the
postsynaptic structure of synapses, contains adhesionfour PXXP motifs. This PXXP motif is the minimal con-
sensus sequence for SH3-binding sites and has been molecules between pre- and postsynaptic membranes,
neurotransmitter receptors, and several signal trans-discovered in a number of proteins involved in signaling
pathways (Ren et al., 1993). The SH3 domain is homolo- duction proteins, such as Fyn. Mice in which PSD pro-
teins are disrupted show malformation of LTP and ab-gous to the Src family and is also contained in Fyn
protein. The protein complex between the cytoplasmic normalities in learning and in several other behaviors,
indicating that the proteins present in the PSD fractionregion of CNR1 and Fyn (Figure 3C), and the four PXXP
motifs in identical cytoplasmic regions of different CNR are critical to synaptic plasticity. Since CNR family mem-
bers include motifs involved in both cell adhesion andfamily members, suggest that each member commonly
mediates signal transduction with Fyn. Hence, diverse signal transduction, they are candidate molecules rele-
vant to synaptic connectivity and plasticity. The mecha-extracellular signals brought to CNR family members
may be mediated by a common cytoplasmic signaling nisms contributing to synaptic forms of plasticity are
still a topic of intense debate. One proposed hypothesiswith Fyn.
The cytoplasmic and the transmembrane regions of is that specific patterns of activity could lead to modifi-
cations of synaptic structures (Geinisman, 1993; Edwards,the CNR family members contain five conserved cyste-
ine residues appearing at regular intervals spanning 18, 1995) and, eventually, to changes in synaptic connectiv-
ity (Bailey and Kandel, 1993; Weiler et al., 1995). In line9, 9, and 18 amino acid residues. Two cytoplasmic cys-
teines can function in protein±protein interactions by with the hypothesis of structural reorganization at the
synapse, it is reported that NCAM, NCAM-linked polysi-forming an ionic bond with a cation. Regularly spaced
cysteine residues may form homo- or heteropolymers alic acid (PSA), and L1 contribute to synaptic plasticity
(Mayford et al., 1992; Luthl et al., 1994; Muller et al.,of the CNR family members via lateral interactions. In
C-cadherin, it has been reported that lateral dimerization 1996). The members of our novel CNR family are also
candidates in line with this hypothesis, because theis required for homophilic binding activity (Brieher et
al., 1996). A cis-strand dimer model is postulated to CNR1-binding protein, Fyn, mediates the induction of
LTP in CA1 and olfactory bulb synapses (Grant et al.,be dependent on tryptophan in position 2 in classical
cadherin domains (Shapiro et al., 1995). The dimers are 1992; Kitazawa et al., 1998), and CNR family members
possess cell adhesion motifs in the extracellular domain.predicted to form through the lateral interaction of two
cadherins extending from the same cell surface. In this Recently, Fyn was found to perform tyrosine phosphory-
lation of NMDA receptors e1 and e2 (Suzuki and Oku-model, the lateral dimer interfaces are formed through
hydrophobic interactions between the two monomers. mura-Noji, 1995; Miyakawa et al., 1997). Therefore, sig-
nal transduction by CNR family members may regulateIn the CNR family members, dimerizations producing
homo- or heterodimers may occur through cytoplasmic NMDA receptor function through Fyn. We must further
examine the molecular function of CNR family memberscysteine residues. If a heteromultimer can form and be
recognized specifically for cell adhesion, twenty individ- relative to their role in synaptic plasticity.
Since N- and E-cadherins are also localized to synap-ual types of CNR molecules can result in the production
of 400 or 8000 specific recognition units by forming tic complexes in a mutually exclusive distribution (their
distributions do not colocalize or overlap at the samedimers or trimers, respectively. In situ hybridization sug-
gested that several sets of Cnr genes were expressed synaptic complexes), cadherins may in part fulfill many
of the conditions of the Sperry hypothesis (Fannon andin an individual neuron (Figure 8).
In differentiated neurons, CNR1 protein was distrib- Colman, 1996; Uchida et al., 1996), which postulates the
existence of matching chemical specificities for neuronsuted in synaptic membrane (Figures 4C±4G) and mem-
branous organelles (data not shown) by electron micros- that link up with one another during development (Sperry,
1963). CNR family members may also fulfill these condi-copy. Overexpressed CNR1 protein in L1 and Neuro2A
cells was concentrated in the endoplasmic membrane. tions. In particular, CNR family members were differen-
tially expressed in individual neurons, even in the sameDuring neuronal differentiation, transported organelles
containing several synaptic proteins are transported brain region. This novel CNR family is a cadherin-related
family found to be restricted to a portion of neurons offrom cell body to synapse (Okada et al., 1995; Bradke
and Dotti, 1997). The CNR family, differing from classical the same type. Cadherins are locally expressed, particu-
larly in developing brain nuclei, fiber tracts, and neuralcadherins, might be selectively transported to an indi-
vidual synapse by separate transported organelles. circuits, but as a whole are expressed in the same types
shown stained and unstained cells, respectively. Abbreviations: gl, glomerular layer; ep, external plexiform layer; m, mitral cell layer; and gr,
granule cell layer. Scale bar, 50 mm.
(J±L) Double labeling analysis of coronal sections of the glomerular layer confirmed the differential distribution of Cnr2 and Cnr5. Double
labeling was performed using Cnr2 and Cnr5 as templates to synthesized digoxygenin- and fluorescein-labeled cRNA probe. Digoxygenin
and fluorescein are detected by Cy3 (red) and FITC (green), respectively. Shown are confocal images of Cnr2 ([J], red), Cnr5 ([K], green), and
a composite image (L). There were red (arrow) or green (arrowhead) dominant neurons. Double labeled neurons are indicated in yellow (double
arrow). Scale bar, 20 mm.
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Experimental Proceduresof neurons (Redies, 1995; Matsunami and Takeichi,
1995). This evidence suggests that synaptic connec-
Isolation of cDNAs of Cnr Familytions by cadherin family members are divided into two
The clone 294 was isolated by means of a two-hybrid yeast system
types: one is along different neural tracts as in the case (Kai et al., 1997). Northern blot analyses were performed on total
of classical cadherins, and the other is along differential RNA isolated from several tissues in adult mice or from brains at
several developmental stages with a randomly 32P-labeled 1.8 kblocal neural circuits as here in the novel CNR family.
cDNA probe from clone 294 (Kai et al., 1997). Using the same probe,Interestingly, a distribution similar to that of Cnr genes
6.5 3 105 recombinant phage clones of our produced cDNA libraryappears in c-fos gene distribution in the olfactory bulb
from 6-week-old C57BL/6 mouse brains were screened. The recom-and hippocampus after odorant conditional learning
binant DNAs of positive phage clones were subcloned into pBlue-
(Hess et al., 1995). Thus, CNR family members may have script SK(1) vector. We obtained full-length cDNAs of Cnr1 and
crucial roles in generating and connecting differential Cnr2. For isolating Cnr3±Cnr8, we performed reverse PCRs against
single-strand cDNA synthesized on total RNA isolated from P0 orlocal circuits after learning.
P30 mouse brains by priming with oligo d(T) primer. The primer
sequences were: 59 consensus primer, 59-CAAACACGGCACCTTCThe Diversity of Cnr Gene Family Members
GTG-39, and 39 consensus primer, 59-T C AC TGGTC AC TGTTGTThe diversity of Cnr family genes is suggested by the
CCG-39. The 2.8 kb amplified fragments were cloned into pBlues-
multiple gene loci of the mouse chromosome. However, cript II SK(1) (Stratagene) for sequencing. DNA sequence analyses
Cnr family genes were commonly localized in the same were performed with an automated DNA sequencer (LI±COR) using
IRD41 dye-conjugated primers and the dideoxy chain terminationregion of the chromosome (unpublished data). Our ge-
method (SequiTherm Long-Read Cycle Sequencing Kit-LC; Epicen-nomic DNA analysis for the Cnr family suggests that
tre Technologies).their diverse 59 exons commonly combine with the same
39 exons in the genome (unpublished data). The findings
Southern Blot Analysis
supporting that here are: (1) The 39 terminal cDNA of Ten milligrams of genomic DNA extracted from C57BL/6 male
the Cnr family genes had identical nucleotide sequences, mouse livers was digested with EcoRI, PstI, or SacI and separated
and (2) only three bands (detected by a genomic South- by electrophoresis on a 0.8% agarose gel. The DNA was transferred
to nitrocellulose membranes. The MscI±XmnI fragment of Cnr1 (Gen-ern blot probe) with identical 39 cDNA regions were
Bank Accession number D86916) was utilized as the 59 probe andfound, compared to the z20 bands detected for the 59
the SphI±PstI fragment of Cnr1 was utilized as the 39 probe in Figureconserved region. Genomic DNA fragments isolated by
5A. Sequences corresponding to the BglII±HincII, SacI±BamHI,
hybridization with 59 probes overlapped, and some Cnr KpnI±BamHI, BglII±BstEII, XmnI±AccI, SpeI, AccI, and BglII frag-
genes were tandem clustered (unpublished data). ments of Cnr1, Cnr2 (GenBank Accession number D86917), Cnr3
Immunoglobulin, T cell receptor, and olfactory recep- (GenBank Accession number AB008179), Cnr4 (GenBank Accession
number AB008180), Cnr5 (GenBank Accession number AB008181),tor genes are clustered in the genome and generate
Cnr6 (GenBank Accession number AB008182), Cnr7 (GenBank Ac-immunological or neurological diversity. Olfactory re-
cession number AB008183), and Cnr8 (GenBank Accession numberceptors in mammals are encoded by large multiple gene
AB008183) wereused to synthesize CNR family probes. Each hybrid-
families of z1000 genes, and each of the different recep- ization was performed at 658C in a solution containing 63 SSC, 53
tor genes is expressed in different neurons (Buck and Denhardt's solution, 0.1% SDS, and 100 mg/ml of salmon testes
Axel, 1991). Diverse odorant receptors binding to differ- DNA for 16 hr, followed by washing twice in 23 SSC-0.1% SDS at
room temperature for 15 min and twice in 0.13 SSC-0.1% SDS atent odor molecules function as axonal guidance recep-
558C for 30 min.tors for finding the appropriate target (Mombaerts et
al., 1996). These results suggest that the diversity of
Production of Monoclonal Antibodies and Antiserumconnections in neural networks might be generated and
The gene for the extracellular domain of CNR1 (amino acid residues
organized by the diversity of certain neuronal receptors. 40±680) was trimmed and cloned in-frame into the EcoRV site of
Thus, diversity among homologous receptor molecules pET32 (Novagen) (for the production of the thioredoxin-A±CNR1EC
may be involved in specified or selective cell±cell recog- [trxA±CNR1EC] fusion protein). The trxA±CNR1EC fusion protein
was expressed in E. coli AD494 and purified by a Ni21-charged Hisnition, including cell migration, pathfinding, synaptogen-
tag metal chelation resin affinity column. The trxA±CNR1EC fusionesis, sprouting, and regeneration. Here, isolated CNR
protein was eluted with elution buffer (6 M urea, 1 M imidazole, 0.5family members may fulfill these features in CNS neu-
M NaCl, and 20 mM Tris-HCl [pH 7.9]).
rons, and therefore, the diversity of Cnr family genes For monoclonal antibody production, 100 mg of the purified trxA±
might induce differential cell differentiation, synaptic CNR1EC fusion protein was injected into the peritoneal cavities of
connections, or neural networks in the mammalian CNS. pathogen-free 8-week-old female mice every 10 days. Three days
after subsequent booster immunization, the dispersed splenocytesOur data suggest that the advantages afforded by
were fused with P3UI mouse myeloma cells in a 5:1 ratio by polyeth-an increased number of synaptic adhesion receptors,
ylene glycol. Fused cells were selected in HAT medium and ELISA-facilitated by theexpression of novel adhesion receptors
positive wells were cloned. Specificity was examined by analysis
in different neurons, is a driving force in the expansion of Western blot staining patterns of trxA±CNR1EC fusion protein
and diversification of the synaptic adhesion receptor and mouse brain extract. Using these procedures, anti-CNR1 mono-
gene repertoire. Because genes closely related by se- clonal antibody 6-1B was obtained.
For antiserum production, 1 mg of the purified fusion protein wasquence are more likely to share regulatory features than
injected into the back of a New Zealand white rabbit. Four weeksgenes that are highly divergent, it is striking that a set
after the priming immunization, the rabbit was given booster injec-of Cnr gene members is expressed in distinctive sub-
tions, and three days thereafter antiserum for CNR1 was preparedpopulations of the same type of neurons. These results
from the blood of the rabbit.
are consistent with the hypothesis that CNS neurons
express a combination of CNR family members and have Subcellular Fractionation from Brain
evolved a restricted system to enhance highly differenti- Brains of adult mice were homogenized with a Dounce homogenizer
in 8 vol of 0.32 M sucrose, 10 mM HEPES [pH 7.4], 1 mM pABSF,ated neural networks and behaviors.
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1 mM aprotinin, 1 mM pepstatin, and 1 mM leupeptin. The homoge- Immunohistochemistry
CD-1 mice (3 or 7 weeks old) were deeply anesthetized and perfusednate was centrifuged at 1,000 3 g for 10 min at 48C. The supernatant
with Zamboni's fixative (Zamboni and DeMartino, 1967). Frozen sec-was collected and centrifuged at 13,800 3 g for 20 min at 48C. The
tions of the brains were cut with a cryostat and incubated with 50%pellet (P2 fraction) was rehomogenized in 3 vol of solution B (0.32
ethanol diluted in PBS. The 40 mm sections were incubated withM sucrose, 1 mM NaHCO3 [pH 8.3], 1 mM pABSF, 1 mM aprotinin,
conditional medium containing mAb 6-1B at 48C overnight. Sections1 mM pepstatin, and 1 mM leupeptin). The rehomogenized P2 frac-
were incubated with biotinylated goat anti-mouse IgM (Vector) andtion was further purified on a discontinuous sucrose density gradi-
then with peroxidase-conjugated avidin. The peroxidase depositent. The rehomogenized P2 fraction was layered on top of a tube
was revealed with 0.06% ammonium nickel sulfate, 0.02% diamino-containing 0.85, 1.0, and 1.2 M sucrose solutions (all containing 1
benzidine, and 0.005% hydrogen peroxide in PBS. For fluoresceinmM NaHCO3 [pH 8.3], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin,
analysis, the 5 mm sections were treated with mAb 6-1B at 48Cand 1 mM leupeptin), and the tube was centrifuged at 82,500 3 g
overnight. The antibodies were diluted in Triton buffer (0.5% Tritonfor 2 hr at 48C (Beckman SW 27 swing rotor). The band between
X-100 and 1% BSA in PBS). Antibodies were visualized with fluores-1.0 and 1.2 M sucrose was collected as the synaptosome fraction
cein-conjugated goat IgG directed against mouse IgG1M dilutedand diluted with ice-cold 80 mM Tris-HCl (pH 8.0). An equal volume
1:100 in Triton buffer. Mounted sections were examined with a Zeissof ice-cold 1% Triton X-100 was added, and the diluted material
laser scan microscope.was rotated for 15 min at 48C and centrifuged at 32,000 3 g for 20
Brain tissue from CD-1 mice (3 weeks old) was processed formin. The pellet was resuspended in 0.5% Triton X-100 buffer (0.5%
immunoelectron microscopy according to an osmium-free methodTriton X-100, 40 mM Tris-HCl [pH 8.0], 1 mM pABSF, 1 mM aprotinin,
of epoxy resin embedding (Phend et al., 1995). In brief, the mice1 mM pepstatin, and 1 mM leupeptin), and the suspension was
were deeply anesthetized and transcardially perfused with fixativecentrifuged at 201,800 3 g for 1 hr. The pellet was used as the PSD
(2.5% or 1% glutaraldehyde, 0.5% paraformaldehyde, and 0.1%(One Triton) fraction. This pellet was resuspended and incubated a
picric acid in 0.1 M phosphate buffer). The brain was removed andsecond time in 0.5% Triton X-100 and then centrifuged at 201,800 3
postfixed in ice-cold fixative for 2 hr. Fifty micrometer sections
g for 1 hr to obtain the PSD (Two Triton) pellet.
through the cingulate cortex werecut with a vibratome and collected
in phosphate buffer. The sections were sequentially incubated in
Immunoprecipitation 1% tannic acid and 1% uranyl acetate in 0.1 M maleate buffer and
The pellet (P2 fraction) was rehomogenized with a Dounce homoge- then immersed in ethanol followed by 1% p-phenylenediamine in
nizer in 10 vol of RIPA buffer (0.15 M NaCl, 1% Triton X-100, 20 mM ethanol. The sections were dehydrated and embedded in Epon 812.
Tris-HCl [pH 7.5], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, 1 Ultrathin sections were treated with 1% periodic acid for 10 min,
mM leupeptin, and 1 mM Na3PO4), and the homogenate was left on rinsed with Tris-buffered saline containing 0.1% Triton X-100 (TBST)
ice for 15 min, followed by centrifugation at 15,000 3 g for 30 min and incubated with 10% normal goat serum and 0.1% bovine serum
at 48C. The supernatant was collected and incubated with 100 ml albumin for 20 min. Then, the sections were incubated in mAb 6-1B
of a 50% suspension of protein G-Sepharose 4B beads for 2 hr at antibody containing 0.1% Triton X-100 overnight. After rinsing in
48C to remove proteins nonspecifically bound to the beads. The TBST, the sections were incubated with 10 nm gold-coupled goat
supernatant was collected and incubated overnight with gC3 (Yasu- anti-mouse IgM (dilution 1:10; BioCell Research Laboratory, Cardiff,
naga et al., 1996) bound to protein G-Sepharose 4B beads. The UK) for 2 hr. Standard controls (omission of primary antibody) were
beads were centrifuged at 1,000 3 g at 48C for 1 min and washed run in parallel. The sections were rinsed, dried, and counterstained
five timeswith 20 vol of RIPA buffer. The bound proteins were eluted with uranyl acetate and lead citrate and then examined using an
H-7000 electron microscope (Hitachi).by 50 ml of 23 SDS sample buffer for SDS-PAGE analysis.
XhoI±HindIII (3.1 kb) or XhoI±AgeI (2.3 kb) fragments of Cnr1 cDNA
In Situ Hybridizationwere blunted and cloned into the EcoRV site of the Miw vector
Brains were removed from the skulls of mice under ether inhalation(Suemori et al., 1990) to produce the expression vectors of CNR1
and frozen in powdered dry ice. Sagittal or three frontal sectionsor of CNR1dCP (amino acid residues 1±738 of CNR1), i.e.,
(20 mm thick) were prepared using a cryostat and mounted on glasspMiwCNR1 or pMiwCNR1dCP, respectively. Neuro2A cells were
slides. In situ hybridization was performed on the sections as de-transfected with the Fyn expression plasmid, pAct-hfyn/myc (Wata-
scribed (Watanabe et al., 1992). The antisense oligonucleotidenabe et al., 1995), and pMiwCNR1 or pMiwCNR1dCP were trans-
probes are complementary to fyn 59-GGTACCCAGAGCTCTGGTTfected by the lipofectamine method (GIBCO-BRL). The cells were
CAGGCTGCCGTCCCTCTCCTCTGTCA-39, Cnr1 59-AGAGGAATCCTcollected 48 hr after transfection, and coimmunoprecipitation analy-
CTGCAGACTGCAATTGATCCTCTCTGTCCCTTGA-39, Cnr2 59-GAGsis was performed as described above. Expression of transfectants
CAATGATCGTCGTTCAAATCCTGATGCTCACCCACAACCGGA-39,was confirmed by immunoblotting with mAb 6-1B. For cell aggrega-
Cnr3 59-TCTCTTGCTGGACTCCACTATCTCCAGAACCCAAACCAGtion assay, we used L1 (Nagafuchi and Takeichi, 1989) and Neuro2A
GAGGAA-39, Cnr4 59-GCCTCTGATCCACTCTGGAGGCTCCAGCTcells, which were transfected with pMiwCNR1.
GACACCTTAGATGAGA-39, Cnr5 59-GTTCTACCTGCCTTTCTCTCT
GACATGTGTCCTCTGCAGAGCCTA-39, Cnr6 59-TATCAGCGTGImmunoblot Analysis
GAGTCTGAACCAGAGGTTCCAACCAACACCCTGGA-39, Cnr7 59-
The protein concentration of each supernatant was quantified by
GAC TC TGACTC CTGTCTTTCC C TTTC ATC TCTAC CC AGGT
the CBB protein assay reagent (Nakarai Tesque). SDS-PAGE was TGGGA-39, and Cnr8 59-GCACGTCTCCTCCAACAGAATGACTTT
performed using a 7.5% gel in a discontinuous Tris-glycine buffer CCATTCCCACTTCGGCCA-39.
system, and proteins were electrophoretically transferred to the In situ hybridization at the level of individual neurons was per-
nitrocellulose filters. The filters were treated with 10% skim milk in formed as described previously (Schaeren-Wiemers and Gerfin-
TBS (Tris-buffered saline: 150 mM NaCl and 50 mM Tris-HCl [pH Moser, 1993) using Cnr1±Cnr8 as templates to synthesize digoxy-
7.5]) for blocking and incubated for 1 hr at room temperature with genin-labeled cRNA probes. Sequences corresponding to the same
mAb 6-1B, gC3 (Yasunaga et al., 1996), or anti±PSD-95 (ABR) anti- cDNA regions as the Southern blot with specific probes were used.
bodies, or with antiserums against CNR1, NMDA receptor e1, or Double labeling was performed using Cnr2 and Cnr5 as templates
NMDA receptor e2, which are diluted with 3% skim milk-TBS; this to synthesized digoxygenin- and fluorescein-labeled cRNA probes,
was followed by treatment with biotinylated sheep anti-mouse IgG respectively. The hybridized sections were treated with anti-digoxy-
(Amersham), biotinylated sheep anti-rat IgG (Amersham), or biotinyl- genin sheep antibody and anti-fluorescein rabbit antibody. cRNAs
ated sheep anti-rabbit IgG (Vector) for 1 hr at room temperature. were visualized with Cy3-conjugated anti-sheep IgG or FITC-conju-
After the immunoreaction, the filters were washed with TBS and gated anti-rabbit IgG. Mounted sections were examined with a Zeiss
incubated for 30 min with streptoavidin-conjugated alkaline phos- laser scan microscope.
phatase (Amersham) in 3% skim milk-TBS. The filters were washed
in TBS and were developed in alkaline phosphatase buffer (10 mM Acknowledgments
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